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Fingl Report on Contract NO0014-87-G-0203

Principal Investigator : Israel R. Miller

Title: Electrical field dependence of protein conformation mobility
and channel function in lipid membranes of different.
compositions.

Research Objectives:

The objective is to study the effect of cross membrane electric ficlds on membrane
permeabllity and on the conformation of membrane lipids, proteins and channel
forming polypeptides. Another objective is to study the tangential fleld dependence of
the lateral mobility of membrane components. The combined effort was aimed to gain
insight and the mechanism of functioning of channels and of signal transducing
receptors,

The research has been conducted on mode! system, namely lipid monolayers and lipid
bilayer membranes.

Accomplishments during the three years of research

1. Interacticns with lipid monolayers on the polarized mercury
electrode surface.

a. Interactions (n the lipid head group region and thetr effect on the monolayer
structure and permeability.

We demonstrated that Interactions in the headgroup region without any appreciabie
hydrophobic contribution may change the lipid layer structure rendering it permeable
to fons. This is brought about by expanding the area of the head group region which is
then bound to invaginate into the hydrocarbon layer. The phenomenon was illustrated
by following examples: :

1. Furosemide which is quile a polar diuretic anfon (acting on the ascending
segment of the loop of Henle) {1} was shown (o penetrate the head group region of
monolayers of phosphatidylchoiine (PC), phosphatidylethanolamine (PE) and
mixtures of PC with bovine brair. sphingomyelin (SM). Furosemide, when intercalated
between the headgroups, expands the area of the polar layer with concomitant decrease
in the thickness of the hydrocarbon layer. This decrease in dielectric thickness results
in increased differential capacitance {2]. At higher concentrations and at positive
polartzation of the mercury surface the furosemide anifon tends to penetrate the lipid
monolayer and adhere to the positively changed surface with a concomitant abrupt
increase in capacitance. The increase In capacitance and the monolayer penetration is
considerably larger in the Zwillerionic non hydrogen bonded monolayers of PC and of
SM than In monolayers of PE which contains strong (ntermolecular hydrogen bonds
{see Fig. 1). The penetration of the monolayer by furosemid facilitate, the electrode
reactions which are inhibited by the monolayer. The reduction currents of oxygen
across the monolayer is -nhanced by furosemide. The current Increases abruptly at the
potential at abrupt Increase (n capacitance. However, at stiil more positive potentinls
where the negatively charged furosemide iIs strongly adsorbed afler displacing the lipid
it inhibits the electron transfer and thus the reduction of oxygen.

1. The ganglioside GM is a specific receptor for cholera toxin {CTYand GTy is a
specific receptor for tetanotoxin (TeT) (31. Phospholiptd monolayers containing as little
as 1% GM) show upon interaction with CT at concentrations below 0.6 ug/ml a nearly

three fold Increase in capacitance and a fve fold increase tn reduction current of Cu2*,
If instead of GM | another ganglioside e.g. GT| is added to the monolayer, the monolayer
does not Interact with CT and ls capacitance or permeabliity ts not affected. The effect
of TeT on the capacttance and permeability of the monolayers contatning GT Is
smaller than that of CT on GM| containing monolayers but still the effect very spectific.
TeT does not aflect lip'd monolayers containing other gangllostdes. All this Is
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Fig. 2.

a. Hystogram illustrating the large effect of oMy
on the capacitance and the lonic permeability
of GM, containing monolayers in contra-
distinction to monolayers contalnlng GT; or no
gangliosides at all.

b. Effect of TeT on monolayers containing GT,.
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illustrated in Fig. 2a and b where the capacitances and the reduced currents (current 4
divided by the maximal diffusion current) at the potential of the maximal stability of
the monolayer aré' given. In parallel the negligible effects of the non specific
gangliosides are shown.

The specific interaction of the toxins is with the head groups of the gangliosides.
The toxins are composed of subunits and each of the binding subunits contains one
binding site. Ultimately about flve ganglioside molecules can bind to one toxin
molecule. Such a complex, in order to be sterically feasible has to have the protein in
the middle with the ganglioside molecules surrounding it. This conformation in the
surface layer is bound to perturb the continuity of the hydrocarbon layer to induce high
capacitance and high conductance parallel elements.

i1, Protein kinase C (PKC) is active on membrane surface and its activity is
aflected by the presence of phorbol ester which is a tumor promoting agent (TPA) and by
diacylglycerol (DAG) [4]. We employed the electrodic response of its cysteine groups on a
bare and at liptd monolayer cove ‘ed mercury electrode to look for a clue whether
conformational changes are related to its activation., The accessibility of the 5-6
cysteine disulfide bonds of PKC for reduction on the mercury electrode served as a
. criterion for confcrmational changes in Its tertlary structure when interacting with the
different interfaces {5]. Two major reduvction peaks of cystine at different
microenvironments within the protein adsorbed on a mercury surface were observed at
two distinct potentials in the a.c. polarograms and in the cyclic voltamograms. As
protons are required for the reduction of cystine to cysteine the reduction peaks shift to
negattve potentials as the pH of the solution Is {ncreased (Fig. 3a). The peak at the more
" positive potential {-0.46V at pH 7.4) evolves when the respective cystine residues are
allowed suffictent to get adsorbed belore getting reduced. After their reduction they tend
to leave the surface as the aflinity of their microenvironment to the mercury surface is
low. The more negative peak at -0.62V is obtained afler short exposure to the surface
and iis size i3 not diminished after reduction and reoxidation indicating that it is in a
surface active environment. Ca2+* and Mg2+ have only negligible effects on the peaks.
PKC penetrates phospholipid monolayers to some extent. Addition of DAG or TPA to
these monolayers facilitates their penetration. These compounds stabilize the protein
surface conformation which exposes to the electrode the cystine restdues vlach are
reduced at the more positive potentials (0.42 V) (Fig. 3b). This phenomenon s not

significantly affected by Mg2* or by Ca2+,

b. Adsorption of hydrophobic channel forming polypeptides alamethicin and melittin
at the mercury/waler interface and their penetration of phospholipid monolayers at
these (nlerfaces. .

The differential capacitance of condensed monolayers of phosphatidylcholine
{PC) or of mixtures of PC with phosphatidylscrine at the mercury/water interface was
measured In the presence of dilferenl concentrations of the antibiotic alamethicin or of
the bee venom component melittin [6.7]. The degree of perlurbance of the structure of
the phospholipid monolayers and their penetration by the oligopeptides was inferred
from the increase in differential capacily and from their suppressed impedance to
polarographic currents carrted by tonic depolarizer. The augmentation of the
capacitance and of the lonic permeability depends not only on the degree of penetration
or of displacement of the lipid monolayer by the oligopeptides but also by the surface
properties of the displaced domains. Alamethicin {s much more hydrophobic than
melittin. Alamethicin adsorbs on the mercury surface giving a condensed monolayer
of a minimal specific capacitance < 4uf/cm?2 from concentrations < lug/ml. It hinders

the access of fons to the electrode surface suppressing the pseudocapacitance peak of TI*
to less than half of its value without the monolayer and it practically eliminates the ac
pseudocapacitance of Cd**. Cyclic voltamograms show scan rate dependent shifls in .
peak potentials charactleristic for lonic permeability of the surface layer. Thus, even '
high degrees of penctration or displacement of lipid monolayers by alamethicin has
only a moderate effect on the monolayer capacitance and permeabtlity.

In Fig. 4a the effect of alamethicin on the capacitance and on the permeability to
T1* of a phosphatidylcholine monolayer I8 shown. The effect increases at relatively
short tinies of exposure of the monolayer covered electrode to the alamethicin
containing solution. It decreases at longer times until the monolayer capacitance and

the T1* pseudocapacitance peak (Indicative of monolayer permeability to Ti*) reach to
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ﬂmm.wQ Differential capacitance curves in the presence of adsorbed
PKC at different pH values. Adsorption from a solution of 1 kg per
ml PKC in 0.1 M KCl, 0.5 mM EGTA. Two to three curves at the
indicated sdsorption times were recorded at each of the four pH
values. The inset represents the potentials of the two main peaks as a
funciion of pH. O, represents the peak at ~04 V and the o,
represents the peak at 40.6 V, measured at pH 7.4; —=U/V is as
defined in Fig. 2.
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Fie.3 .v_u._on_:x_r. reaction of PKC across a pure phosphatidylserine
(I'Sy monolayer and a PS monolayer containing 10% DAG or 0.5%
TPA. The monolavers were sproad on a 1 pg/ml PKC solution. 30
min aficr spreading. the monolayer with the interacting PKC wac
transferred 10 the surface of a newly formed hanging mercury drop,
10 min after deposition of the monolayer complex on the clectrode
consecutive a.c. polarograms or cyclic vollamograms were recorded.
(a) Diffcrential capacitance curves. - ---- ., monolayers in the ab-
scnce of PKC; . first scan in the presence of PKC; and — —
— third of fourth scan when the rolarograms reached a final shape.
{b) Cyclic voltamograms, . first scan; and — — —-_ a subse-
quent scan whern the voltamograms did not undergo additional change.
Simitar ac. polarograms and cyclic vollamograms (S.E. < 5%) were
obtained for samplcs in the presence of Ca?* (100 pM) and Mg?* (1
mm). ~U/V is defined as in Fig. 2.
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FIGURK 4  Differential capacitance curvzs of PC monolayer in the presence of
slamethicin (0.4pg/em?)

PC spread over 3 solution comaining 1ug/ml atamethicin.

The hanging drop was formed across the monolayer and immersed into the

solution 20 minutes after spreading the monolayer (0.4tg /cm?). The first

polarog diately and pleted within 12 seconds. Every

comecutive minute 8 new se polarogram was recorded, some of (hem are

presented. The polarogram nbtained at the 14th scan did not change any more.

<.« polarogram without alamethicin in the solution.

was started |

Inserts: Cyclic voltamograms (CV) after transfer of the 'C monolayer (0.4pg/cm?
onto the electrode surface.
Insert 1: CV without alamethicin in solution with 4105M Tl+.
Insert 2: CV with 1ug/ml alamethicin in the solution, 13 minutes aflter the
transfer of the FC monolayer onto the electrode.
Insert 3: CV of PC monolayers in the presence of 4-10-9M Cd2,

without alamethicin.
— Tug/mi alamethicin 1 min after transfer of the monolayer onio the electrode
surface. hd
- .. 10 min after the transfer of the monolayer.

L 2 1.

i 1
450 650

1
50 250
- U/N(AgfAgCl)

FICURE 5 . Ditferentiel capseliance curves of a PC iy
of melittin (O.dug/em?

PC spreed ever 2 soluts ining 2ug/mi melittin and 4 10-5M Tte,

The polarograms recorded at different times after transfer of the monolayer onto

the electrode surface a3 indicated. .

The monolsyer was transfersed 20 min after its spresding by formation of a

hanging mercury drop across the monolayer. '
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values obtained in the absence of alamethicin. Cyclic voltametry shows {Fig. 4) that it
is the reduction current depending on the transpor! of Ti* lons across the monolayer to
the electrode, which’is predominantly impeded. Another reduction peak around 0.1V
appears besides the one around -0.45V. The function reduced at -0.1V increases with the
monolayer impedance on top of the slight negative shift of the -0.45V peak. The
reoxidation rate of metallic Tl to TI* (anodic peak) Is only slightly affected by the
monolayer and by the change of its impedance.

Melittin on the other hand is a relatively hydrophilic molecule with a
substantial positive net charge. The minimal capacitance of its condensed adsorbed

monolayer s around 9 to 10 pf/cm? and in spite of its positive net charge It is almost

freely permeable to TI* without lowering its diffusion current or its pseudocapacitance
peak when reduced on the electrode suriace. It perturbes only little the structure of lipid
monolayers at positive polarizations as it cannot properly penetrate the lipid
monolayer without exposing polar groups to its hydrophobic domain. The penetration
is more pronounced at negative polarizatior when the positive polarizations of
melittin are attracted by the negattve surface charges (Fig. 5).

2. Effect of the channel formers melittin and alamethacin and of
CT-GM; complexes on the ionic permeanbility of vasicular lpid

bilayer membzranes.

In these experiments large vesicles of radiusses between 80 and 15C nm were
used. These were obtained by injection of solution of the phosphoipids in pentane (8}
into the aqueous solution containing 0.1M sall of the electroactive fon, e.g. CdSQOy4,

Tla*S04, KJO3 at 60°C. The electroactive sall in the external solution was replaced with
nonelectroactive one by exhaustive dialysis against the respective salt solution at the
same concentration. The release of the electroactive ions from the vesicles was
measured after further diluition by pulse polarography {9). The procedure is exemplified
in Fig. 6. The pulse polarograms of the pure buflered salt solution and after adding 0.1
ml of the vesicular suspension {(~2 mg lipid/ml) to 10 ml of the solutlion, were recorded
first. At the final negative potential the recorder was transferred to the time base.
Different quantities of alamethicin of melittin or of cholera or tetanotoxin when the
vesicles contained the respective gangliosides, were added at the time indicated. The
increase of current with time was then recorded. In some experiments the polypeptides
were diluted In the polarographic cells before adding the vesicles, In order to avoid any
contact of the vesicles with concentrated membrane perturbing peptides.

a. Release of tons by channel forming polypeptides.

In spite of the diffcrence in hydrophobicitly the effect of the two channel
formers, alamethicin and melittin, is comparable even though alamethicin acts on
release of the electroactive cations at lower concenlrations. As evident from Figs. 7 and
8, the rate of release by the two polypeptide does not depend only on their final
concentration in solution bul also on the concentration of the solution added to the
vesicle suspension. The higher i3 the concentiation of the polypeptide added to the
suspension the more effective the release eventhough the final concentration and the
member of molecules acting on the vesicles is the same. This behavior was observed in
all channel forming polypeptides which show lytic activily. Paradaxin, which is a
short repellent and a channel Jormer without any appreciable lytic activity, releases
fons from vesicles at a given concentration at the same rate, no matter what was the
concentration of the solution added to the suspension.

The permeability to the large anion 103 s generally smaller than to the smaller
cations T1* and Cd2*. Even melittin which is positively charged and is supposed to be-
selective to anfon Is slightly more permeable to TI* than to 10-3. In the case of
alamethicin the permeability to Cd2+ s nearly 10 fold larger than that te 10-< (Fig. 8).
In either case the permeabllily is smaller when SO4 "2 rather than CI°, Br" or NO3, are
the other anions in the system. This stresses the importance the cotransport of the
counter fon and counter transport of the colon in (he measured permeability of the
electroactive fon.
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Figure 6 Experimental procedure for determination of the kinetics of
release of electroactive lons (T1+ In the case demonstrated) from vesicles by

pulse polarography:
Step 1: Pulse polarogram in the presence of buflered salt solution
Step 2: Pulse polarogram after addition of 100ul of cuncentrated vesicle

suspenslbns. ‘The half wave potential at -0.45V relative to Na-Ag/AgCl
clectrode and the diffusion current are due to the Ti+ concentration nut
removed by dialysis and remaining in the extravesicular phase. )

. Step 3: The recarder is set on the time base holding the final potential (-
0.95V). y
Step 4: To the solution, stirred by a steam of N3 allquols of concentrated
solution of the polypeplide was added to reach the final desired
concentration.
In some experlinents the concentrated suspension of vesicles was added to
the solution contalning the polypeptlide at its nearly final concentration.
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Dependence of the relecase kinetics through melittin channels

Figure 7.
on the snit composition in the extravesicular phase, at pl17.
I'he original concentration {o.c) of melittin In the added solution Indicated.

Fial concentrations A and B 0.3pg/ml, C and D 0.45g/ml.

A: Tl* release measured, NaCl in ouler phase, B: Tl+ release measured.
NazS04 In ouler phase, C: 103 reclease mcasurcd, NaBr in outer phase,

D: 105 release measured, NazSO4 In ouler phasc.

Figure 8 Release kinetics of Ti+, Cd3+ and 105 by alamethicin at pH 7.

The original concen'ratlions {0.c.) of the added alamethicin solutton
indicated. The final concentrations: for the relecase of Tl+ and Cd2+: full line

0.04pg/ml, wide dashed lines 0.1pg/mk; for the release of 103 0.3ug/ml.
0.1M NazSO4 In ihe extravesicular phase. (lhere is no appreclable change

with pIl between pll 5.5 and pil 8).
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b. Inducement of leakage by GMj CT and GT|TeT complexes. 10

In spite of the pronounced perturbation of the continuity of lipid monolayers on
the mercury surface, the CT-GM} or the TeT-GT; complexes do not induce any
appreciable leakage of fon {rom vesicles. Outside positive membrane incorporate the
complexes into the bilayer and facilitate the releuse of T1*. The outside positive
membrane potential is obtained by low concentrations (2:10-9-5-10-8M) of
valinomycin which binds and transports the T!* from inside (han the Na+ from’
outside. The eflect of the potential on the release is {llustrated in Fig. 9. If KSO4 instead
of NagS0O4 is in the outer solution, added valinoraycin induces leakage alone as it can

transport TI* out while transporting K in. The rate of transport is nct increased by
added CT. Complexes of TeT with GT} behave similarly.

3. Effect of membrane potentials or crossmembrane electric fields on
the conformation of membrane proteins and polypeptides

The changes in conformation of bacterlorhodopsin and of alamethicin
incorporated in lipid bilzyers was obtained from the change in the measured circular
dichroism (CD) in the peptide adsorption region between 19C and 250 mm. The
membrane potential In the case of bacteriorhodopsin embedded In the bilayer
membranes of lipid vesicles was monitored by potassium gradient across the
membrane and valinomycin. This method was not applicable to alamethicin which
introduces leakiness and shortcircuits the membrane. In this last case we created
Douvian potential across the membrane, using Na-polyacrylat: on one sidc of the
membrane with diffcrent salt concentrations on the other side. The osmotic pressure
was ballanced by glucose.

The CD spectra of bolh of bacteriorhodopsin and of alamethicin, changed with
the applied membrane potential. However, in the case of bacteriorhodopsin which was
fully embedded in (he lipid membrane the change in eliplicity was the same at the
membrane potential in the two directions while in the case of alamethicin the change
in elipticity with potential is assymetric (Fig. 10a and b). The dilference stems from the
fact that the degree of embedding of alamethicin into the lipid bilayer is a function of
the potential and of its direction.

4, Lateral mobility of photosystem I on the surface of inflated thylakoid
vesicles

Upon application of dircct electric [icld pulses on a suspension of vesicles
containing charged surface comnponenis, clectrophoretic mobility is induced. Vesicles
move with respect to the solution and each charged component on the vesicular surface
moves with respect (o its environment and eventually accumulates on one pole of the
vesicle while 1t is depleled on the other one. Dillusion counteracts this accumulation
and when the field pulscs are stopped the charged components redistribute uniformly in
a diffusion controlled way. The charged component on the (hylakoid vesicle
investigated by us was photosystem 1 (PSI). To monitor the redistribution of PSI
particles during and after electrophoresis was made use of the spatial characteristics of
the electrophotoluminescerice (EPL) originating from it. The EPL originates from the
hemisphere of the vesicles at which the induced electrical field {20-30 time the
amplitude of the [field used for electrophoresis) destabllizes the photoinduced charge
separation [10]. Thus as shown In Fig. 11 we obtain an enhancement of EPL when the
destabillizing fleld acts on the hemisphere where there is an accumulation of PS! and
diminution of EPL it acts on the hemisphere deplicted of PSI.

These experiments could be carried before appreciable rotation of the vesicles as
the rotational time constant of the large vesicles was above 10 min, while the
electrophoretic mobility was completed within 10 sec and the back dilfusion within 2-3
min.

The average apparent electric mobility, determined from the time course of EPL
on one hemisphere or its decrease on the other onc as a function of prepulse length and
intensity was of the order of 3:10-5 ¢cm?2 v-1sec'1. The assymetric distribution of the PSI
reached a steady state when the diffusional, electrostatic and elastic forces balanced the

electrophoretic driving force. A lateral diffusion coelficient of ~5- 109 cm2sec-1 was
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Fig.9. Linear dependence of !n(/, = /,) on time {rom vesicles containing 3% GM]1. Inner initial salt

concentration 0.05 M Na,SO, +0.05 M T1,50,. Outer concentratioa 0.1 M Na,SO,. (O 0) 40
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Froure (0 The dependencs of the elipticity of bacteriorhodopsin recon.
stituted In vedicles on the electrie diffusion potentials. Ordinate: the
decrense of the C.D. signal at 210 nm induced by 10-'M valinomycin.
Absclssn: electricnl potentinls caleulnted by Nernst equation. The sign
* Indicates the polnrity Incide the vesicle. The triangle is set at the potential
measured by fluorescence quenching of DIS 2,-15] instead of the poten-
tinl enlculnted by the Nernst equatim (1.6 mV) as Indicnied in the
fignre. (Insert) ealibration eurve of he Mroreicence quenching of Dis.
C,(3] dye as a function of the Nernst potentinl in pure lip'd (80% PC 20%
PS) vesicles In the presence of K* gradier! and 10’ vatinomyecin, The
potentinl for the bacterior hodopsin containing vesicles is Indicated with an

frrow,
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Fig. 106 The molar ellipticity of alamethicin as function ol Donnan
potential calculated from Eqn. 2. The experimental points were oh.
tained by PA~ addition outside the vesicles (9), by preparing the
veticles with 0.J M PA~ and then dialyzing against NaCl (0) or by
adding PEI* outside the vesicles (a). See text for details about
’ K4 generating the electric field.
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FIOGURE 1) Scheme of the experimental procedure. (A) Electrophoretic
propagation of PS | particles along the surface of the vesicle, esucing
accmuliation on one pole and depletion on the other one. (B) EPL from
depleted or the entiched (electrode signe in brackete) hemispheres. (C)
FI'L. teaces: (a) withont prepulee, (A) FPL ftom the entiched hemi-
sphere; (¢) EPL from depleted hemisphere,




found for the PSI complex from the diffusional relaxation afler cessation of the electric
[ield pulse train. Between 23 and 150 electron charges per nioving particle were
estimated from the electrophoretic mobility.

8. Work that has been started
a. Conformation changes (n the lipid layer.

We failed to detect by CD or FTIR any conformational changes in lipid layers
upon application of electric fleld. We decided therefore to monitor the conformational
changes by these methods where conformational changes are Inferred [rom other
physical properties e.g. when cholesterol is added to phospholipids. Indeed the shifls in
frequencies and intensilles of stretching and bending of CH2 and of CO bands of the
phosholipid is relatively small {see ref. by Brumfeld et al., submitted) and onlv
negligible shifts are expected by lesser perturbations. The amide bands of sphingolipids
give amide bands in IR and CD spectra which are strongly dependent on the phase and
the conformation in pure lipids. We started determining these specira and their change
during phase transition when diluting the sphingoltpids by phospholipidas.

b. How does membrane potential affect flip flop of membrane lipiis?

This Is an important question when one thinks about the asymmetric lipid
distribution in blological membranes. To tackle the problem we started measuring the
time dependence of the external charge of vesicles composed of dilferent ratios of PC to
phosphatidylserine (IS} after applying membrane potentials of different size and
directton.
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